. In addition, it would bring into question the interpretability of bulk cytosolic Ca 2+ data as determined by imaging since a significant portion of the signal would not be functionally relevant. Accordingly, we compared the effects of acetylcholine, to stimulate the release of Ca 2+ from the ER, and nimodipine, a blocker of L-type Ca 2+ channels, to assess the relative contributions of Ca 2+ from these sources on OCR and ISR.
release from the ER has little or no access to the intracellular machinery that regulates OCR and ISR.
An established model of glucose-stimulated insulin secretion reflects an essential role for the consequent rise in cytosolic Ca 2+ concentration as a trigger for insulin granule exocytosis (1) . However, Ca 2+ can enter the cytosol from multiple sources including transport across the membrane, largely from voltage dependent L-type Ca 2+ channels, as well as from intracellular stores (2-4). To address the relative contribution of Ca 2+ from different sources on insulin secretion, two factors have to be considered. The first is the relative amount of Ca 2+ released into the cytosol from each source, and the second is the functional impact of the Ca 2+ from different sources on insulin secretion. It is well established that release of Ca 2+ from ER stores can have a high impact on cytosolic Ca 2+ (4, 5) , in particular in response to acetylcholine (6, 7) , as well as when blocking the sarcoendoplasmic reticulum Ca 2+ ATPase (SERCA) 1 (8) . It is further generally believed that the increase in cytosolic Ca 2+ resulting from release from the endoplasmic reticulum (ER) can stimulate insulin secretion, and in particular mediates the powerful effects of acetylcholine, a neurotransmitter that strongly stimulates the release of Ca 2+ from the ER, on insulin secretion rate (ISR) (9) (10) (11) . However, glucose-induced Ca 2+ uptake via L-type Ca 2+ channels appears to be more effective in stimulating insulin secretion relative to other sources of cytosolic Ca 2+ (12-15) such as via other plasma membrane Ca 2+ channel types or release of stored Ca 2+ from endoplasmic reticulum (ER). Potential explanations for this finding are that the insulin secretory apparatus is co-localized with L-type Ca 2+ channels in "microdomains" with diffusion-limited access to Ca 2+ from other sources (16, 17) or is functionally and physically coupled to synaptic proteins (18) . In support of this hypothesis, we have recently found that blocking or increasing Ca 2+ flux L-type Ca 2+ channel effects 2 through L-type Ca 2+ channels has a dramatic effect on oxygen consumption rate (OCR) by islets, while in contrast, changes in cytosolic Ca 2+ of similar magnitude induced by blocking the SERCA had no effect (8) . Since metabolic rate as reflected by OCR is an integral part of the mechanism mediating glucose-stimulated insulin secretion, this suggests that the effect of Ca 2+ from the ER has little functional effect on exocytotic machinery.
The observed differential effects of cytosolic Ca 2+ derived from L-type Ca 2+ channels and ER, supports the microdomain concept where there are at least two pools of cytosolic Ca 2+ , one of which is exclusively supplied by L-type Ca 2+ channels, and one that has little access to the targets associated with increase secretion. If true, this would have broad implications on accepted mechanisms mediating insulin secretion, where release of Ca 2+ from intracellular sources is thought to play an important role (3, 7, 19, 20) . In addition, it would bring into question the interpretability of bulk cytosolic Ca 2+ data as determined by imaging since a significant portion of the signal would not be functionally relevant. Accordingly, we compared the effects of acetylcholine, to stimulate the release of Ca 2+ from the ER, and nimodipine, a blocker of L-type Ca 2+ channels, to assess the relative contributions of Ca 2+ from these sources on OCR and ISR.
EXPERIMENTAL PROCEDURES Chemicals-KRB was used for all perifusion analyses, prepared as described previously (8) . Potassium cyanide (KCN), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), nimodipine, acetylcholine, diazoxide, 12-Otetradecanoylphorbol acetate (TPA), thapsigargin, and ouabain were purchased from Sigma-Aldrich. Fura-2 AM and pluronic acid were purchased from Invitrogen (Carlsbad, CA), and platinum tetrapentafluorophenyl porphyrin was purchased from Porphyrin Products (Logan, UT).
Rat islet isolation and culture-Islets were harvested from male, diabetes-resistant BB rats (≈ 250 g, bred in the laboratory of Dr. Åke Lernmark) (21) anesthetized by intraperitoneal injection of Na + -pentobarbital (35 mg/230 g rat). These rats have normal lymphocyte numbers, do not develop diabetes, and have retained islet characteristics of their progenitor Wistar rats. All procedures were approved by the University of Washington Institutional Animal Care and Use Committee. Islets were prepared and purified as described (22, 23) , and then cultured for 18 hours at 37°C prior to the experiments in RPMI Media 1640 supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen).
Measurement of OCR and ISR-A flow culture system was used that concomitantly measures OCR while collecting outflow fractions for subsequent measurement of ISR (described previously (22, 24, 25) ). OCR was calculated as the flow rate (approximately 80 µL/min) times the difference between inflow and outflow oxygen tension, over the number of islets in the chamber (typically 600) (8) . Oxygen tension was measured by detecting the phosphorescence lifetime (Tau Theta, Inc.) of an oxygen-sensitive dye (platinum tetrapentafluorophenyl porphyrin) that was painted on the inside of the perifusion chamber (8) . Insulin was measured using an ELISA assay per manufacturer instructions (Mercodia, Sweden), and the ISR was calculated analogously to OCR.
Static measurement of ISR-ISR was determined statically with multiple conditions as previously described (26) . Briefly, islets were handpicked into a Petri dish containing KRB, prepared with 0.1% BSA and 3 mM glucose, and incubated for 60 minutes. Subsequently, islets were picked into wells of 96-well plates (10 per well) containing 200 µL of KRB with desired amounts of glucose and agents as indicated, and incubated for 60 more min. At the end of this period, supernatant was assayed for insulin. ISR was calculated as the amount of insulin divided by the incubation time and by the number of islets.
Imaging and quantification of cytosolic Ca 2+ -Cytosolic Ca 2+ was measured as reflected by fluorescence detection of Fura-2 AM (Invitrogen) after islets were incubated in 2 µM Fura-2 AM and 0.02% pluronic acid for 40 min at 37°C. Subsequently, the islets were pipetted into a temperature-controlled, 250-µl perifusion dish (Bioptechs, Butler, PA) that was mounted on to the stage of a Nikon Eclipse TE-200 inverted microscope, and KRB (containing 5 mM NaHCO 3 ) was pumped through the dish at a flow rate of 150 µL/min. Fluorescent emission was detected at 510 nm by a Photometrics Cool Snap EZ camera (Tucson, AZ) during alternating excitation at either 340 or 380 nm. Results are displayed as the ratio of the fluorescent intensities during excitation at these two wavelengths (F340/F380). (30) , where the latter two high affinity pumps in the brain represent over 75% of the total Na + -K + activity. Therefore, to inhibit close to 90%, 1 mM was used.
Imaging and quantification of NAD(P)H-
Data analysis-Statistical significance was determined using either Student's t-tests or ANOVA with a Bonferroni post hoc test (as indicated). Both analyses were carried out using Kaleidagraph (Synergy Software, Reading, PA).
RESULTS

Acetylcholine increased OCR, cytosolic Ca
2+
and ISR in isolated pancreatic rat islets-In order to test the effect of Ca 2+ derived from the ER on OCR and ISR we used acetylcholine, a neurotransmitter that leads to increased IP 3 levels and stimulation of Ca 2+ release from the ER (7). Since in a previous study, changes in cytosolic Ca 2+ mediated by inhibition of SERCA left OCR unchanged, our expectation was that acetylcholine would have no effect on OCR. Accordingly, we measured OCR, cytosolic Ca 2+ , NAD(P)H and ISR in response to acetylcholine to systematically characterize its effects on islet function. Measurements were made first in response to an increase in glucose from 3 to 20 mM, followed by stimulation with 10 µM acetylcholine ( Fig. 1) . Consistent with previous studies, cytosolic Ca 2+ and ISR increased in response to glucose and were further increased by acetylcholine. Unexpectedly, OCR increased in response to 10 µM acetylcholine by about 30% of glucose-induced increase in OCR. Therefore, from these results, it was not possible to evaluate whether acetylcholine's effect on OCR was due to the release of ER Ca 2+ or other changes elicited by acetylcholine. NAD(P)H was measured to test whether stimulation of OCR by acetylcholine was mediated by an increase in the rate of glycolysis and/or the TCA cycle. However, this parameter was unaffected by acetylcholine ( Fig. 1) .
Lack of effect of Ca 2+ release from the ER on acetylcholine stimulation of OCR and ISR-To determine whether ER Ca
2+ release was mediating the acetylcholine-induced stimulation of OCR and ISR, ER stores of Ca 2+ were depleted prior to acetylcholine stimulation. Thapsigargin (5 µM), a blocker of SERCA, elevated cytosolic Ca 2+ for at least 45 min, during which OCR was not significantly affected; ISR increased but only after a 30-min delay relative to the elevation of Ca 2+ (Fig. 2) .
Subsequently, in the presence of thapsigargin, acetylcholine had a much-reduced effect on Ca 2+ : the first phase peak was barely observable, and the increase in the second phase response was only very gradual. Overall, the thapsigargin decreased the total Ca 2+ response to acetylcholine (averaged over the 45 min period during exposure to acetylcholine) by 58%: 0.019 ± 0.003 (Fig. 2) vs. 0.046 ± 0.007 ( Fig. 1 in the presence of nimodipine and acetylcholine was higher than in the absence of these two agents, but the change in ISR in response to acetylcholine was similar to that seen in the presence of 3 mM glucose, demonstrating the pre-eminence of L-type Ca 2+ channels in the regulation of insulin secretion.
Lack of effect of PKC inhibitors on stimulation of ISR by acetylcholine. Having shown that acetylcholine can stimulate ISR in the absence of a change in cytosolic Ca 2+ , we next endeavored to determine whether acetylcholine's effect on OCR was due to activation of PKC. Calphostin C (1 µM), a blocker of conventional and novel isoforms of PKC, significantly inhibited the potentiation of ISR by 100 nM TPA (a specific activator of PKC), but no effect on the potentiation of ISR by acetylcholine was observed (Fig. 4) . Similarly, a lack of effect was observed using another PKC inhibitor, 250 nM bisindolylmaleimide I (data not shown). Thus, it was not possible to demonstrate that PKC was mediating the effect of acetylcholine on ISR.
Lack of effect of PKC activation on OCR despite stimulation of ISR. Since inhibition of PKC did not give a clear answer on the involvement of PKC in mediating acetylcholine's effects, the effect of 100 nM TPA was investigated further. Exposure of islets in the flow culture system to TPA increased glucose-stimulated ISR but not OCR (Fig. 5) . Thus, amplification of ISR by PKC activation can occur in the absence of changes in OCR.
Dependence on Na + -K + pump activity of the effect of acetylcholine on OCR. Since the effects of 10 µM acetylcholine on OCR cannot be explained by either release of Ca 2+ from the ER or by activation of PKC, we investigated whether the effect involved changes in Na + transport (31, 32) . Ouabain (1 mM), a blocker of the Na + -K + pump, was used to test the involvement of Na + turnover on acetylcholine's stimulation of OCR. Ouabain potentiated glucose-stimulated ISR and cytosolic Ca 2+ but had only a small transient effect on OCR (Fig. 6A) . The stability of the OCR following the transient change in response to ouabain validated the subsequent protocol for testing the effect of acetylcholine. This was not the case for ISR, which was greatly increased in response to ouabain, making it difficult to interpret changes in this parameter in response to an additional compound. To evaluate the effect of acetylcholine on OCR in the presence of ouabain, acetylcholine was administered 15 min after ouabain (Fig. 6B) . The early stimulation of OCR by acetylcholine was still apparent, but the later effect was not (Fig.  6B) , and the integrated response of OCR (averaged from 5 to 30 min following exposure to acetylcholine) was reduced by 82% by ouabain (Fig. 7) . Of the three inhibitors of ion flux tested, ouabain was the only agent that significantly decreased acetylcholine-stimulation of OCR. In summary, acetylcholine-stimulation of OCR is dependent on operation of Na + -K + pump activity, but not on release of Ca 2+ from the ER. Potentiators of ISR are not effective when 3 mM glucose is the only substrate present. The responses of OCR to 10 µM acetylcholine measured at sub-threshold glucose (3 mM; Fig. 8 ) were similar to that obtained at 20 mM glucose (steady-state values averaged from 5 to 30 minutes after exposure was 0.081 ± 0.007 vs. 0.096 ± 0.014 nmol/min/100 islets, N.S. using a Student's t-test), and the response in Ca 2+ was actually higher at 3 mM glucose (0.068 ± 0.0055 vs. 0.041 ± 0.0056, p < 0.02). Yet, the increase of ISR was only 9% of that seen at 20 mM glucose. Likewise, in the presence of 3 mM glucose, neither 100 nM TPA nor 1 mM ouabain had any effect on ISR (data not shown -sensitive processes effecting OCR and ISR (Fig. 9) . The exact nature of the Ca 2+ -sensitive OCR is not known, but it appears essential for insulin secretion to occur since blocking L-type Ca 2+ channels decreases both OCR and ISR. The usage of OCR elicited by Ca 2+ is upstream of amplification of insulin secretion (demonstrated by the stimulation of ISR in the absence of a change in OCR) and is dependent on a factor related to metabolism (demonstrated by the lack of effect of acetylcholine at 3 mM glucose on ISR). As postulated in an earlier paper (8) We should note that due to the mixing in our perifusion chambers, the temporal resolution of our OCR, ISR and Ca 2+ data is about 3 min and consequently with this data we cannot address the initial response to acetylcholine. Previous studies have shown that release of Ca 2+ from the ER is the dominant mechanism mediating acetylcholinestimulated movement of insulin granules (11) or secretion (10) in the first few minutes after stimulation. In studies on single mouse beta cells lasting about 2 min, thapsigargin blocked both the Ca 2+ and exocytotic response to acetylcholine (10). However, during the bulk of the physiologic insulin secretory response to acetylcholine, the effect of ER Ca 2+ release on ISR was minimal and acetylcholine's effects on OCR and ISR must be mediated by other mechanisms.
Mechanism of acetylcholine stimulation of OCR involves Na
+ -K + pump-In order to confirm that the effect of acetylcholine on OCR was not mediated through its effects on Ca 2+ we endeavored to identify the factors that were mediating the response. Based on reports that acetylcholine activates voltage-dependent Ca 2+ channels (7), acetylcholine would be expected to increase OCR by increasing Ca 2+ flux through Ltype Ca 2+ channels in similar fashion to effects of glibenclamide (8) . However inhibition of L-type Ca 2+ channels did not significantly decrease acetylcholine-stimulated OCR, so this mechanism is unlikely to account for the majority of the acetylcholine-stimulated OCR. Based on the greatly diminished effect of acetylcholine on OCR in the presence of ouabain, it appears that the major component mediating the effect of acetylcholine on OCR is associated with increased activity of the Na + -K + pump. This interpretation is supported by the identification of a G proteinindependent activation of an inward Na + current by acetylcholine (31, 32) . The increased inward Na + current would be expected to elicit a compensatory increase in Na + -K + pumping activity thereby raising the OCR due to increased ATP usage by the pump.
Consistent with this interpretation, acetylcholine increased OCR in the absence of an increase in NAD(P)H. Therefore, generation of reducing equivalents from glycolysis and the TCA cycle cannot be the driving force for the stimulation of OCR by acetylcholine. Interestingly, in contrast to studies in the heart, where a reciprocal relation between work and NADH has been observed (33,34), changes in work-induced OCR in the islet were not accompanied by changes in NAD(P)H or reductive state of cytochrome c (8) .
Mechanism of acetylcholine stimulation of ISR-The primary goal of this study was to understand the role of Ca 2+ release from the ER on islet function.
However, we endeavored to elucidate the mechanism mediating acetylcholine's effect on ISR, which appeared to be distinct from its effect on OCR. Since we have shown that Ca 2+ release doesn't mediate acetylcholine's effect on ISR, it was thought that this effect was most likely via acetylcholine's other well-established effect, stimulation of PKC (35) . Unexpectedly, inhibition of PKC by calphostin C or bisindolylmaleimide I did not block acetylcholine's stimulation of ISR. So based on this data, it is possible that the sustained increase in ISR associated with exposure to acetylcholine is not due to PKC stimulation. However, another possibility is that acetylcholine stimulates an isoform of PKC that are not blocked by either of these inhibitors were able to block, so the issue remains unresolved. Since it is clear that PKC is activated by acetylcholine (36) and activation of PKC, by TPA for example, leads to increased ISR, we favor the latter view. Irrespective, the increase in ISR elicited by TPA occurred in the absence of a change in OCR indicating that activation of PKC amplifies insulin secretion downstream of the energy utilizing process, and that the secretion of insulin makes only a small contribution to total energy turnover.
Limited rate of transfer of Ca 2+ between the two Ca 2+ pools-Our premise that there exists functionally distinct pools of Ca 2+ follows reports proposing that the preferential efficacy of L-type Ca 2+ channel activity on insulin secretion is due to the existence of microdomains, in which L-type Ca 2+ channels and insulin secretory granules are co-localized (12, 13, 16) . The observation that blocking SERCA has no effect on OCR, and only a delayed effect on ISR, indicates at most a slow access to the more efficacious Ca 2+ pool derived from L-type Ca 2+ channels. This conclusion is also supported by previous data showing that increased Ca 2+ entry into islets by exposure to the ionophore A23187 does not have a sustained effect on either OCR or ISR (8) . This slow rate of entry into this pool could arise due to a diffusional lag between the bulk cytosolic Ca 2+ and Ca 2+ concentrations in the vicinity of the L-type Ca 2+ channels due to binding to intracellular proteins (17) . -mediated OCR in the beta cells. Oxygen is consumed by the electron transport chain/oxidative phosphorylation system in generating the large majority of the ATP by islet (37) .
Candidate processes mediating effect of L-type
Since the concentration of extracellular Ca 2+ is much larger than intracellular Ca 2+ , its flux into the beta cell does not utilize ATP. The exocytosis of secretory granules does not appear to be energetically costly because isobutylmethylxanthine and TPA can dramatically increase ISR without changing OCR (8, 38) . Ca 2+ may directly increase ATP production by enhancing the metabolic generation of NADH mediated by Ca 2+ 's activation of certain key dehydrogenases that regulate the rate of the TCA cycle (39-43). However this mechanism cannot be a primary driving force because Ca 2+ -induced changes in OCR occurred in the absence of changes in NADH or cytochrome c reduction in beta cells (8, 44) . It is possible that the combined action of the Na + -Ca 2+ exchanger and the Na + -K + pump, could account for the OCR response yet ouabain has little effect on OCR by islets (45), indicating that the Na + -K + pump is not a significant energy consumer in the islet in the absence of acetylcholine. Thus, many expected processes appear not to account for the OCR associated with Ca 2+ uptake via L-type Ca 2+ channels and subsequent insulin secretion. Plasma membrane Ca 2+ ATPase remains a candidate, but in the absence of specific blockers of this pump, its contribution to energy turnover has not been evaluated.
Thus, at present, the model we propose contains a critical question mark between Ca 2+ and insulin secretion (Fig. 9) . A leading theory in a report from the laboratory of Rorsman states that the close proximity of L-type Ca 2+ channels to secretory granules would enable Ca 2+ entering the cell by this channel to have an immediate effect on targets associated with granules in the readilyreleasable pool situated in the membrane (46) . However, this does not explain the large proportion of energy utilized in response to Ca 2+ influx through L-type Ca 2+ channels. Based on the data in this and previous studies (8, 22) , we feel that identifying and characterizing the process mediating the Ca 2+ -sensitive ATP usage will be critical for a complete understanding of nutrientstimulated insulin secretion. Fig. 1 . Effect of acetylcholine on Ca 2+ , OCR, NAD(P)H and ISR. Islets were perifused in the presence of 3 mM glucose for 90 min; at time = 0, glucose concentration was raised to 20 mM for 45 min; subsequently, 10 µM acetylcholine was added and removed at 45 min intervals. Top and third from the top: Detection of intracellular Ca 2+ and NAD(P)H autofluorescence by fluorescence imaging (measured in separate experiments). Second from top and bottom: OCR and ISR were measured concomitantly using the flow culture system. Data is displayed as the change in signal relative to the steady-state value obtained at 3 mM glucose (determined by averaging data obtained in the final 15 min prior to the increase in glucose). Steady-state values of OCR and ISR at 3 mM glucose were 0.30 ± 0.05 nmol/min/100 islets and 0.15 ± 0.043 ng/min/100 islets, respectively. Each data point represents the average ± SEM of time points from n separate perifusions. Statistical analysis was carried out by comparing steady-state values (determined by averaging data obtained in the final 15 min of each experimental condition demarcated by the bold line) and after each change in media composition using a paired Student's t-test. Numbers above data refer to the p-value obtained when comparing the steady state value to the previous one. Note that statistics were not carried out on the data obtained in the final 30 min of the protocol since steady state was not reached. 2+ by fluorescence imaging. Middle and Bottom: OCR and ISR were measured concomitantly using the flow culture system. Data is displayed and analyzed as described in the legend of Fig. 1 . Steady-state values of OCR and ISR at 3 mM glucose were 0.25 ± 0.031 nmol/min/100 islets and 0.68 ± 0.19 ng/min/100 islets, respectively.
FIGURE LEGENDS
Fig. 3. Effect of blocking L-type Ca
2+ channels on stimulation of Ca 2+ , OCR and ISR by acetylcholine. Islets were perifused in the presence of 3 mM glucose for 90 min; at time = 0, glucose concentration was raised to 20 mM for 45 min; subsequently, L-type Ca 2+ channels were inhibited by nimodipine (5 µM) for 45 min prior to stimulation with acetylcholine (10 µM). Top: Detection of intracellular Ca 2+ by fluorescence imaging. Middle and Bottom: OCR and ISR were measured concomitantly using the flow culture system. Data is displayed and analyzed as described in the legend of Fig. 1 . Steady-state values of OCR and ISR at 3 mM glucose were 0.39 ± 0.054 nmol/min/100 islets and 0.41 ± 0.11 ng/min/100 islets, respectively. Fig. 4 . Effect of inhibition of PKC activity on TPA-and acetylcholine-stimulated ISR. ISR was measured after static incubation (as described in the Methods) in the presence or absence of the PKC blocker calphostin C. Data (n = 6) was normalized to TPA-stimulated ISR (1.4 ± 0.24 ng/min/100 islets) in Fig. 4A , and acetylcholinestimulated ISR in Fig. 4B (2.8 ± 0.34 ng/min/100 islets). Values are shown above each bar since at 3 mM glucose the value cannot be seen on the graph. ANOVA with a Bonferroni post hoc test was used to calculate the statistical significance of all conditions. A: All conditions were significantly different from each other at p > 0.0005. B: All conditions were significantly different from each other (p > 0.0001) except for the comparison between acetylcholine-stimulated ISR in the presence and absence of calphostin C.
Fig. 5. Effect of activation of PKC on cytosolic Ca
2+ , OCR and ISR. Islets were assessed for Ca 2+ (top), and in separate experiments OCR and ISR. Islets were perifused in the presence of 3 mM glucose for 90 min; at time = 0, glucose concentration was raised to 20 mM for 45 min; subsequently, 100 nM TPA was added and removed at 45 min intervals. Data is displayed and analyzed as described in the legend of Fig. 1 . Steady-state values of OCR and ISR at 3 mM glucose were 0.41 ± 0.035 nmol/min/100 islets and 0.55 ± 0.39 ng/min/100 islets, respectively.
Fig. 6. Effect of blocking Na
+ -K + pump activity on stimulation of Ca 2+ , OCR and ISR by acetylcholine. A. Islets were perifused in the presence of 3 mM glucose for 90 min; at time = 0, glucose concentration was raised to 20 mM for 45 min; subsequently, Na + -K + pump activity was inhibited with 1 mM ouabain for 15 min prior to stimulation with acetylcholine (10 µM). Top: Detection of intracellular Ca 2+ by fluorescence imaging. Middle and Bottom: OCR and ISR were measured concomitantly using the flow culture system. Data is displayed and analyzed as described in the legend of Fig. 1 . Steady-state values of OCR and ISR at 3 mM glucose were 0.32 ± 0.045 nmol/min/100 islets and 0.34 ± 0.084 ng/min/100 islets, respectively. B. Same as A. except stimulation by acetylcholine was excluded from the protocol. Steady-state values of OCR and ISR at 3 mM glucose were 0.28 ± 0.054 nmol/min/100 islets and 0.46 ± 0.052 ng/min/100 islets, respectively. (Fig. 6B) , steady state values were calculated using data obtained during the 10 min prior to the exposure to acetylcholine.) ANOVA with a Bonferroni post hoc test was used to calculate the statistical significance of all conditions. Only ouabain resulted in a statistically significant decrease in acetylcholine response: p < 0.002 compared to 20 mM glucose alone. OCR and ISR were measured concomitantly using the flow culture system. Data is displayed and analyzed as described in the legend of Fig. 1 . Steady-state values of OCR and ISR at 3 mM glucose were 0.37 ± 0.054 nmol/min/100 islets and 0.36 ± 0.11 ng/min/100 islets, respectively. , one derived primarily from L-type Ca 2+ channels. In the presence of increased metabolism, this pool has exclusive access to a process that is highly energetic (30% of glucose-stimulated ATP usage) and that stimulates the movement and exocytosis of insulin granules. Amplification of ISR by protein kinases occurs downstream of the energy-utilizing Ca 2+ -sensitive process and the ATP usage associated with insulin secretion is small relative to total ATP turnover. Whether this as yet unidentified coupling process is regulatory or simply concomitant with the stimulation of insulin secretion is not yet established. However, a regulatory role is supported by the need for both increased metabolism and Ca 2+ influx through the L-type Ca 2+ channels for activation of the process and insulin secretion to occur. 
